Malhas amostrais utilizadas na caracterização da variabilidade espacial de pH, Ca, Mg e V% em Latossolos ABSTRACT -Knowledge of spatial variability is an important factor to be considered in planning a program of soil sampling and crop management under precision agriculture (PA). In this context, the aim of this work was to evaluate the efficiency of the dimensions of sampling grids used in the state of Rio Grande do Sul (RS), Brazil to characterise the spatial variability of the attributes pH water , base saturation (V%), calcium (Ca) and magnesium (Mg) levels. The study was carried out on 30 agricultural sites located in the northern region of RS, having soils classified as Oxisols and managed using the tools of PA. The dimensions of the grids under study were: 100 x 100 m (10 areas), 142 x 142 m (10 areas) and 173 x 173 m (10 areas). Soil was collected at a depth of 0.00 to 0.10 m. The data for pH water , V%, Ca and Mg were subjected to exploratory statistical analysis and to geostatistical analysis by means of semivariograms. The areas showed high Ca (>4.0 cmol c dm -3 ) and Mg (>1.0 cmol c dm -3 ) levels and localised problems of soil acidity (pH water <5.5 or V<65%), justifying the carrying out of liming at specific sites. For the geostatistical procedures, the sample grids used at the sites of the Oxisols managed under PA in RS are not efficient in capturing the scales of spatial variability of the attributes pH water , V%, Ca and Mg, which could compromise the accuracy of corrective prescriptions for specific sites.
INTRODUCTION
Oxisols are widely distributed across almost all regions of Brazil, and make up the predominant taxonomic class, occupying 31.61% of the surface of the country (2.69 million km 2 ) (ANJOS et al., 2012) . In the state of Rio Grande do Sul (RS), Oxisols occur mainly in the north, a region located in the geomorphic province of the Plateau, formed by a succession of volcanic flows, followed by cooling on the surface of the earth's crust and the formation of predominantly basaltic rocks (STRECK et al., 2008) .
These are weathered, deep, well-drained and acidic soils and display high homogeneity in the profile (ANJOS et al., 2012; MONTANARI et al., 2008; STRECK et al., 2008) . However, despite being considered homogeneous soils, they may comprise variations in their characteristics over both short and long distances.
Variability of the soil is a result of the interaction of complex pedogenic processes controlled by factors in its formation such as climate, topography, source material and vegetation, and intensified by land-use and management practices (MALLARINO; WITTRY, 2004) . Understanding spatial variability in the soil is therefore a factor that should be considered when planning a program of soil sampling and of crop management (KERRY; OLIVER; FROGBROOK, 2010; MALLARINO; WITTRY, 2004; MONTANARI et al., 2008; MONTANARI et al., 2012; NANNI et al., 2011; SOUZA et al., 2004; STEPIEN; GOZDOWSKI; SAMBORSKI, 2013) .
With the advent of precision agriculture (PA) in Brazil and especially in the South region, where only in RS state, it is estimated that approximately two million hectares are managed using tools of PA (SANTI et al., 2009) , knowledge of the spatial variability of the soil was made possible through systematic sampling by means of regular grids. However, although the use of sampling grids is officially recommended in the South of Brazil (COMISSÃO DE QUÍMICA E FERTILIDADE DO SOLO, 2004) , there are still doubts as to the ideal size which would allow capture of the spatial variability of the chemical properties of the soil.
Currently, the sampling grids that are commonly adopted on Brazilian farms have dimensions ranging from 100 to 225 m (NANNI et al., 2011) . In the South region, samples are collected at somewhat smaller distances, from 100 to175 m. However, the definition of such dimensions for the grids is primarily based on economic and practical reasons and sometimes neglects the geostatistical principles of spatial dependence (VIEIRA, 2000; OLIVER, 2007) .
The influence that the dimensions of the grids used in collecting soil samples have on the accuracy of the generated information is widely discussed in international literature. Studies involve the use of the principles and tools of geostatistics to direct the sampling of soils FROGBROOK, 2010; LARK, 2012) , the influence of the size of the sampling grid on the quality of data interpolation (KRAVCHENKO 2003; FRANZEN, 2011) , the reproducibility of the spatial variability (CHANG et al., 1999; STEPIEN; GOZDOWSKI; SAMBORSKI, 2013) and the management of nutrients at specific sites (MALLARINO; WITTRY, 2004; STEPIEN; GOZDOWSKI; SAMBORSKI, 2013) . However, there are few studies on the conditions of Brazilian soils (MONTANARI et al., 2012; NANNI et al., 2011) and none for conditions in the South of Brazil.
In this context, the aim of this work was to evaluate the efficiency of the dimensions of sampling grids used in RS in characterising the spatial variability of the attributes pH water and V% and Ca and Mg levels in Oxisols under PA.
MATERIAL AND METHODS
The study was carried out in 30 agricultural areas located in 13 municipalities in the north of Rio Grande do Sul, Brazil (Figure 1 ), covering 2,467.82 ha. The study area is located in the geomorphic province of the Plateau , and extends to the physiographic regions of the Alto Uruguai, Planalto Médio and Missões. The terrain is gently undulating with the predominant soils classified as Oxisols (Latossolos Vermelhos by Brazilian Classification Soil System), having high aluminum and iron levels associated with a low base saturation (alumino ferric, dystroferric or dystrophic) and clayey texture (STRECK et al., 2008 ).
The management system that has been adopted in the area is direct planting (no-tillage), rotating soybean and maize crops in the summer and white oats, black oat and forage turnip in the winter. Fertilization is carried out in the sowing furrow for each crop, and liming over the total area every five years or so.
The areas were sampled from the dimensions of the grids that are commonly used at field level in the south of Brazil, these being: 100 x 100 m (one sample for each ha); 142 x 142 m (one sample for every two ha); and 173 x 173 m (one sample for every three ha). Thus, for each grid 10 areas were studied, giving a total of 1,461 soil samples. The areas being analysed were sampled for the first time by georeferencing, so they did not suffer the effects of previous variable-rate applications of lime and fertilizer.
Each soil sample was composed of 10 subsamples collected within 10 m of the georeferenced point using a automatic screw auger. The collection depth was from 0.00 to 0.10 m, as recommended by the Commission for Chemistry and Soil Fertility Location of the study area, highlighting the 13 municipalities where are located the 30 agricultural areas of Oxisols,  managed under precision farming   (COMISSÃO DE QUÍMICA E FERTILIDADE DO SOLO, 2004) for agricultural areas under consolidated no-tillage systems. The samples were later forwarded to the laboratory where basic chemical analyses were conducted following methodologies recommended by the Commission for Chemistry and Soil Fertility (2004). The following attributes were evaluated in the study: active acidity (pH water , 1:1), base saturation (V%) and the cations related to acidity: calcium (Ca, cmol c dm -3 ) and magnesium (Mg, cmol c dm -3 ).
Data were subjected to descriptive statistical analysis using the Statistical Analysis System -SAS 8.0 software (SAS Inc, Cary, USA), with the aim of verifying position and dispersion of the data. The statistical parameters determined were; minimum; mean; maximum; standard deviation and coefficients of variation (CV%), precision (CP%), skewness (Cs) and kurtosis (Ck). Based on the CV values obtained, the dispersion of the data was classified as low (CV < 15%), moderate (CV 15-35%) and high (CV > 35%) (WILDING; DREES, 1983) . In addition, the existence of a central tendency (normality) in the original data was noted using the W-test (p<0.05).
Analysis of the spatial variability of the pH water data, V%, Ca and Mg, was carried out by semivariogram, adjusted by theoretical mathematical models using the Gamma Design Software -GS+. The models for the semivariogram were adjusted based on the best coefficient of determination (r 2 ) and lowest residual sum of squares (RSS), and were evaluated using cross validation. The parameters of the semivariogram were defined from the adjustment of a mathematical model to the data: nugget effect (C 0 ), contribution (C 1 ), sill (C 0 + C1) and range (a). The spatial dependence index (SDI) was calculated using the relationship shown in Equation 1. C 0 /(C 0 +C 1 )*100
(1)
The degree of spatial dependence (DSD), based on the SDI, was classified as strong for SDI 25%; moderate for an SDI between 25 and 75%, and weak for SDI> 75% (CAMBARDELLA et al. 1994) .
RESULTS AND DISCUSSION
Exploratory statistical analysis of the attributes for pH água and V% (Table 1) made it possible to verify that 27 areas studied (90.0%) present places with problems of soil acidity, pH <5.5 or V <65.0%, which can restrict normal plant development under no-tillage system (COMISSÃO DE QUÍMICA E FERTILIDADE DO SOLO, 2004) . This finding is related to the natural acidity characteristic of soils that have undergone intense weathering, and associated with processes of soil acidification triggered by the management practice adopted (ANJOS et al., 2012; STRECK et al., 2008) . In agricultural areas, soil acidity is enhanced by absorption of the base cations by crops and their subsequent export at harvest, by inadequate soil management favouring the erosion and exposure of (more acidic) subsurface horizons, by the use of nitrogen fertilizers and by the oxidation of sulphur and organic matter (SOUZA; MIRANDA; OLIVEIRA, 2007).
The use of smaller sampling grids, allowing for an increase in the number of sampling points, resulted in improvements in the representativeness and accuracy of soil sampling conducted in the study areas (<% CP). However, irrespective of the grid dimensions, it was possible to identify, based on the minimum and maximum values for pH água and V%, a considerable amplitude relative to the mean, demonstrating that the use of georeferenced soil sampling, as recommended under PA, was characterised as an important strategy in identifying places where soil acidity may become a limiting factor. Thus, PA allows an increase in the technical and economic efficiency of the use of limestone, based on interventions located at a specific site.
It was found that for dispersion of the data, based on the coefficient of variation (CV%), the values for pH water showed low dispersion (CV: <15%), with an amplitude of from 2.06 to 7.76%. Whereas the values for %V ranged from 3.92 to 25.18%, classifying the dispersion as from low to moderate (CV: <35%). These results agree with several studies made into Oxisols (BOTTEGA et al., 2013; CHERUBIN et al., 2011; DALCHIAVON et al., 2012; LIMA; SILVA; SILVA, 2013; MONTANARI et al., 2008; SANTI et al., 2012; SOUZA et al., 2004) . However, the low CVs seen for the values of pH water are due to its logarithmic scale of expression, requiring caution in comparison with other variables (SOUZA; MIRANDA; OLIVEIRA, 2007) .
Although the data for pH water and V% displayed low and moderate dispersion, 56.66 and 26.66% of the areas studied did not follow normal frequency distributions, being confirmed by coefficients of skewness, offset to the left (Cs <0) or to the right (Cs> 0), and by coefficients of kurtosis with platykurtic (Ck <0) and leptokurtic (Ck> 0) distributions. Results like these, that indicate a lack of normality in the data, were also seen in areas of Oxisols by Cavalcante et al. (2007) , Cherubin et al. (2011) , Dalchiavon et al. (2012) and Montanari et al. (2008) . However, it is important to note that normality of the data is not a requirement of geostatistics; but the presence of a skewed distribution having many anomalous values should be considered, since kriging is a linear estimator (WEBSTER; OLIVER, 2007) . In geostatistics, more important than the normality of the data is whether or not the so-called proportional effect occurs, in which the mean and variance of the data may not be constant, nor be a function of spatial positioning in the study area (CAVALCANTE et al., 2007) .
For the Ca and Mg cations (Table 2) , it was found that the Oxisols studied display on average levels considered as high for both of these macronutrients (Ca > 4.0 cmol c dm -3 and Mg > 1.0 cmol c dm -3 ) (COMISSÃO DE QUÍMICA E FERTILIDADE DO SOLO, 2004) .
In studies conducted by Amado et al. (2009 ), Cherubin et al. (2011 and Santi et al. (2012) into Oxisol in RS, high levels of Ca and Mg were also found, agreeing with the results of the present work. These high levels are due to the weathering of minerals rich in these elements, such as plagioclase, pyroxene and olivine, in the makeup of the basalt rocks which are the predominant source material of the Oxisol occurring in the study region (STRECK et al., 2008) . Furthermore, the addition of dolomitic limestone over the years, associated with the low mobility of the Ca and Mg in the soil, may also have significantly contributed to the maintenance and rise in levels of these macronutrients.
Dispersion of the Ca and Mg data was classified as low to moderate, with CV amplitudes that ranged from 11.94 to 34.08% and from 14.86 to 35.00% respectively, agreeing with Amado et al. (2009) , Bottega et al. (2013 ), Cavalcanti et al. (2007 , Cherubin et al. (2011), Lima, Silva and Silva (2013) , Santi et al. (2012) and Souza et al. (2004) . Normal frequency distributions for Ca and Mg were observed in 66.66 and 50.00% of the areas respectively. However, in areas with non-normal distribution, the data showed no discrepant values that could limit the use of geostatistics.
Sampling grids used to characterise the spatial variability of pH, Ca, Mg and V% in Oxisols Table 1 -Descriptive statistics of the attributes for pH water and base saturation (V%) in Oxisols areas sampled with different dimensions of sampling grid
Area
Sampling Grid (m) The spatial variability of the attributes pH water and V%, and of the bases Ca and Mg, was analysed from the results of the geostatistical analysis (Tables 3  and 4 ). In the four attributes studied, a large difference in the structure of spatial variability was seen for the areas under study, even when the samples were collected with the same dimensions of sampling grid. This variation can be evidenced by the amplitude observed for the radius of spatial dependence between samples (ranges). For all the grids under study, areas were noted where the values for pH water , V%, Ca and Mg showed no spatial dependence, featuring random distributions (pure nugget effect), and where geostatistics therefore could not be applied (VIEIRA, 2000) . Note that there is a trend towards an increase in the occurrence of random distributions as the size of the sampling grid increases, confirming assumptions of Cambardella et al. (1994) , Vieira (2000) and Webster and Oliver (2007) , in which the sampling grid used does not have enough points to detect the dependence, if any, which will be expressed at distances which are smaller than the smallest spacing between samples.
Sampling grids used to characterise the spatial variability of pH, Ca, Mg and V% in Oxisols Corá and Beraldo (2006) and Nanni et al. (2011) in which the collection of one sample per hectare was not sufficient to capture the spatial variability of V%, with the use of denser grids being necessary in order to make more accurate recommendations for soil correctors possible.
Thus, in the absence of spatial dependence of the data, or with dependencies of limited reliability, it is suggested that users of PA exercise caution when employing kriging interpolation, otherwise the thematic maps of soil attributes, used to determine the variable rates of correctors and fertilizers, will not express the main patterns of spatial variability present in the area (KERRY; OLIVER, 2008) . Under such conditions, the use of simple interpolation (linear or polynomial) such as inverse distance, can be just as effective as the kriging method (KRAVCHENKO, 2003; FRANZEN, 2011) . According to Corá and Beraldo (2006) , map accuracy is dependent on the interpolation method used to estimate the values for non-sampled locations, and in turn, the interpolation method is dependent on the density of sampled points per area.
These results endorse what is currently being practised in the field, where users of PA, during the preparation process for thematic maps, employ computer software available in the market, but which do not take into account the spatial dependence of the attributes being analysed in estimating values at non-sampled locations (CORÁ; BERALDO, 2006) . However, it is important to state again that the ability to generate thematic maps for the attributes pH water , V%, Ca and Mg in the absence of any spatial dependence of the data verified by geostatistics, does not exempt the planning of sampling from recommending denser sampling, which would be capable of actually detecting the different scales of spatial variability of the analysed attributes. As good as the interpolation method is, it will never be able to predict values with accuracy, compared to the values obtained by sampling in the field.
Given the results of this exploratory study, the assumptions already outlined by Chang et al. (1999) and Stepien, Gozdowski and Samborski (2013) can be confirmed, in which the spatial variability of the attributes pH water , V%, Ca and Mg is unique for each area, being conditioned at different scales by intrinsic and extrinsic soil factors. Therefore, from sampling grids with dimensions 100 m, such as those that have been used in the south of Brazil, it is not possible to generalise a reliable model of the spatial variability of these attributes for Oxisols. However, the study does give an overview of the scale of variation for the soil attributes under study, and becomes an important In areas where the attributes pH water, V%, Ca and Mg present a defined structure of spatial variability, it was generally found that the degree of spatial dependency was moderate to strong, showing that under such conditions, these attributes were more affected by intrinsic properties of the soil (CAMBARDELLA et al., 1994) . Furthermore, management practices, such as the uniform surface liming carried out over the period of agricultural land use, contribute to the low spatial variability of the attributes of acidity over shorter distances.
These results however warrant caution, since the semivariograms were generated using a limited number of points (n). Webster and Lark (2012) explain that the use of 30 to 50 pairs of points over each distance, as indicated by some authors (LANDIM, 2006) , means having less than 50 sampling points in two-dimensional grids and almost inevitably leads to estimates which are only slightly accurate and to semivariograms with high levels of error. According to these authors, for reliable estimates to be generated when the variation is isotropic, at least 100 sampling points are required and ideally 150 to 200.
Moreover, although the number of sampling points is considered to be important in the literature, it is not subject to generalisation for all situations, and may be too small in areas where the variables display their variability on smaller scales (short distances), and too large for areas where their variability is presented on larger scales (long distances) (KERRY; OLIVER; FROGBROOK, 2010).
When larger sampling grids are used therefore, with more widely-spaced points (usually 100 m), together with a reduced size for the areas (a situation commonly seen in the areas under PA in southern Brazil) the comprehension and representation of the different scales of variability for the attributes of acidity and related cations (Ca and Mg) are still limited, even with the use of geostatistics. It can therefore be inferred that the sampling grids used in the Oxisol areas in RS managed under PA are not efficient in capturing the different scales of spatial variability for pH water , V%, Ca and Mg, especially when expressed over short distances. However, it is important to note that the insertion of PA and consequently of soil sampling with grids, even if displaying limited levels of reliability in some situations, has enabled progress to be made in diagnosing soil fertility which is unprecedented in the agriculture of Rio Grande do Sul and in the rest of Brazil, redeeming the role of sampling in the management of soil fertility and agricultural production.
The inefficiency of sampling grids used commercially is also pointed out by Franzen (2011) , Kerry and Oliver (2008) and Kerry, Oliver and Frogbrook (2010) in the United States, where generally grids of 100 m (one sample per hectare) Sampling grids used to characterise the spatial variability of pH, Ca, Mg and V% in Oxisols reference that can assist in planning future soil sampling strategies to be adopted in areas under PA in RS.
A suggestion for the future would be carrying out detailed studies in a microregion, farm or field scale to test different dimensions for sampling grids, with a view to better understanding the variability of the different soil chemical attributes, and the possible definition of more efficient strategies for fertility management.
CONCLUSIONS
1. The sampling grids used in Oxisols under PA in RS, generally employing geostatistical procedures, are not efficient in capturing the scales of spatial variability of the attributes pH water , V%, Ca and Mg, and may lead less accurate liming;
2. Spatial variability over short distances should be taken into consideration in future plans for soil sampling, aiming for the characterization and the site specific management of soil acidity in Oxisols areas managed under PA.
